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Tyrosine kinase dependent expression of TGF-jJ induced by stretch in
mesangial cells. Increased glomerular hydraulic pressure has been sug-
gested as a major causative factor in the development of glomerular
sclerosis. The elevation of glomerular pressure increases the magnitude of
stretch to mesangial cells. The study was, therefore, designed to investi-
gate the effect of mechanical stretch on expression of TGF-/3 and
extracellular matrix components in cultured rat mesangial cells. The
results showed that mechanical stretch stimulated mRNA expression for
TGF-pl and TGF-j33 in a time dependent manner, and that mesangial
cells secreted substantial amounts of TGF-p proteins in response to
stretch. Stretch was also shown to stimulate mRNA expression for
collagen types I and IV, and fibronectin, major components of mesangial
extracellular matrix. The stretch-induced mRNA expression for extracel-
lular matrix components was inhibited by neutralizing antibody to TGF-13.
Moreover, stretch-induced mRNA expression of TGF-f3 was inhibited by
tyrosine kinase inhibitors, genistein or herbimycin A, whereas Ca channel
blockers nitrendipine or Gd3-, and inhibitors for protein kinase A or C
had no effect. These findings indicate that stretch induced TGF-13 mRNA
primarily through tyrosine kinase-dependent mechanisms in cultured rat
mesangial cells, and the secreted TGF-p may play a significant role for the
stretch-induced expression of extracellular matrix proteins. Our results
suggest that stretch-induced TGF-f3 of mesangial cells might be a mediator
in the progression of glomerular sclerosis as an autocrine/paracrine factor.
The mechanisms governing the progression of chronic renal
diseases following reduction in renal mass have been the subject
of intense investigation. Increased glomerular hydraulic pressure
(P0) is often observed following subtotal nephrectomy and has
been suggested as a major causative factor in the development of
glomerular sclerosis [1, 21. Intraglomerular pressure is transmitted
to the capillary wall by Laplace's law and results in mechanical
stretch to glomerular mesangial cells [3, 4]. Therefore, the eleva-
tion of glomerular pressure increases the magnitude of mechan-
ical stretch to mesangial cells [3—5]. It has been shown that
mesangial cells in culture, when they are exposed to mechanical
stretch, exhibit alterations in cell morphology, proliferation, and
activation of S6 kinase and expression of protooncogenes or
cyclooxygenase [4—6]. Moreover, it was demonstrated that mes-
angial cells undergoing cyclic stretching increased the synthesis of
collagen types I and IV, laminin, and fibronectin, major compo-
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nents of extracellular matrix [4], suggesting that capillary expan-
sion and stretching of mesangial cells by glomerular hypertension
might provoke extracellular matrix production, which is accentu-
ated by cell growth and glomerular hypertrophy.
Transforming growth factor-/3 (TGF-/3) is a disulfide-linked
homodimer of the 25 kilodalton (kDa) polypeptide. It is synthe-
sized as an inactive precursor protein that may bind to a 120 to
130 kDa TGF-f3 binding protein [7, 8], and is proteolytically
processed into an active mature form [9]. TGF-f3 has been shown
to be a multifunctional regulator of cell proliferation and differ-
entiation [7] and to contribute to the accumulation of extracellular
matrix proteins by stimulating their synthesis and/or decreasing
the activities of some extracellular proteases [10]. In mammals,
TGF-/3 is known to have three isoforms, TGF-J31, -132, and -/33,
which are coded on the different genes and their expression is
independently regulated. Their biological properties are almost
identical but some distinct roles have been suggested particularly
in the development [7]. The kidney is one of the targets of TGF-f3
action. The presence of specific receptors for TGF-p has been
demonstrated in both isolated glomeruli and in the individual cell
types of the glomerulus, that is, mesangial, epithelial and endo-
thelial cells [11]. In mesangial cells, TGF-f3 has been shown to
inhibit their growth [12] and to stimulate the synthesis of collagen,
fibronectin, laminin, and other proteoglycans such as heparan
sulfate [11]. Based on a number of observations [13, 14], it has
been suggested that TGF-f3 may play a crucial role in the
pathogenesis of glomerulonephritis as well as glomeruloscierosis,
although the mechanism by which the TGF-/3 secretion is stimu-
lated remains unknown.
We, therefore, designed this study: (1) to elucidate whether
mesangial cells express TGF-/3 mRNA and secrete TGF-f3 pro-
teins in response to mechanical stretch, and if so, (2) to investigate
whether the secreted TGF-/3 stimulates extracellular matrix pro-
duction by mesangial cells, and (3) to determine the mechanism
by which the induction of TGF-/3 is regulated. The results show
that mesangial cells clearly express TGF-/3 mRNA and secreted
substantial amounts of TGF-p proteins by mechanical stretch. In
addition, we demonstrated that the secreted TGF-/3 was respon-
sible for the increased mRNA expression for extracellular matrix
proteins after stretch in these cells. Our results suggest that
stretch-induced TGF-/3 of mesangial cells might be a mediator in
the progression of glomerular sclerosis as an autocrine/paracrine
factor.
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Methods A
Cell culture Stretch:
Mesangial cells were obtained by culturing glomeruli isolated
from kidneys of 200 to 250 g male Wistar rats by a conventional
sieving method [15, 16]. Cells were grown in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 20% fetal calf
serum (Commonwealth Serum Laboratory, Australia), 2 m
L-glutamine, 100 U/mI penicillin and 100 jxg/ml streptomycin
(Wako Pure Chemical Industries, Osaka, Japan). The glucose
concentration of the media is physiological at 5.55 mtvi (100
mg/dl). Before each experiment, cells were serum-starved by
incubating in DMEM containing 0.2% bovine serum albumin
(Fraction V, Sigma) for 24 hours. The cells between 5 and 12
passages that had just become confluent were used in this study.
Application of mechanical stretch to cultured cells
Mesangial cells were subjected to mechanical stretch using
Flexercell Strain Unit FX-2000 (Flexcell Corp., Mckeesport, PA,
USA). Cells were seeded on six-well plates (25 mm diameter) of
flexible silicone or rigid bottom coated with collagen type I (Flex
I and Flex II culture plates, respectively; Flexcell Corp.). A
microprocessor controlled negative pressure to the flexible bot-
toms, resulting in reproducible deformation of the silicone rubber
and the attached cells, providing a maximal elongation of 20%. All
experiments were carried out using alternate cycles of 0.5 seconds
of stretch and 0.5 seconds of relaxation at a rate of 60 cycles/mm
at 37°C, 5% CO2 in a humidified incubator.
Northern blot analysis
After exposure to cyclic stretching, mesangial cells were washed
once with ice-cold Dulbecco's phosphate-buffer saline (PBS) and
solution D (4 M guanidinium thiocyanate, 25 m sodium citrate,
pH 7.0; 0.5% sarcosyl, 0.1 M 2-mercaptoethanol) was added. Total
RNA was prepared by the acid guanidinium isothiocyanate phe-
no! chloroform method [171. Total RNA (10 jxg per each lane)
was separated by formaldehyde/1.0%agarose gel electrophoresis,
and transferred onto a nylon membrane (Hybond N, Amersham).
About 500-base pair BglI/EcoRI fragments of TGF-J31 cDNA
clones were prepared for a probe and labeled with [a-32P] dCTP
(Amersham) by a random primer method. The specific activity of
the probe was 5 to 9 X 108 cpm/j.Lg cDNA. Hybridization was
performed at 42°C in 0.87 M NaC1, 50% formamide, 0.5% SDS
and 167 tg/ml salmon sperm DNA. The membrane was washed in
0.1 X SSC and 0.1% SDS at 50°C and autoradiographed. The
radioactivity of the corresponding bands was measured quantita-
tively by Fuji BAS 2000 Bio-Image Analyzer (Fuji Film Co. Ltd.,
Tokyo, Japan). After stripping radioactive probes off the mem-
branes, they were rehybridized with 32P-labeled cDNA probes of
rat TGF-p2, TGF-/33, collagen types I and TV, fibronectin, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an in-
ternal control.
Bioassay for TGF-p activities
The bioassay for TGF-13 was performed based on the observa-
tion that TGF-p sensitively inhibits the growth of mink lung
epithelial cells [181. In brief, mink lung cells were plated into
96-well culture plates in DMEM containing 10% FCS. After
incubation for 24 hours the medium was changed to DMEM
containing 1% FCS. Twenty-four hours later the test or control
Stretch (—) Stretch (+)
Fig. 1. Effects of stretch on TGF-J31 mRNA expression. A. After mesangial
cells were exposed to cyclic stretch at a maximal elongation rate of 20%
for 24 hours, TGF-131 mRNA expression was analyzed by Northern blot as
described in the Methods section. A representative result is shown. B.
Densitometric quantitation of the blots was performed and the relative
amount of TGF-/31 mRNA from five experiments were shown as mean
SD. °Significantly different (P < 0.05, by Student's f-test) from cells without
stretch.
samples were added and the cells were incubated for another 16
to 24 hours. Subsequently, 18 kBq/well [3H]-thymidine was pulsed
for three to five hours and the amount of [3H]-thymidine incor-
porated into trichloroacetic acid (TCA)-precipitable materials
was measured by a liquid scintillation counter. TGF-/3 activities
were determined as compared with the standard curve that was
drawn by using various concentrations of human TGF-/31.
Test samples were prepared by collecting the conditioned
media of mesangial cells after 36 hours of stretch. Part of the
conditioned media was treated by heating at 80°C for 10 minutes
to activate the latent TGF-j3. In this way, total (latent + active) or
active fraction of TGF-f3 could be differentially assayed.
Materials
Rat TGF-pl cDNA was a gift of Dr. T. Nakamura (Osaka
University, Osaka, Japan). Human platelet TGF-/31 and rabbit
anti-TGF-p neutralizing antibody were purchased from R&D
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Fig. 3. Relationship between the intensity of stretch and the TGF-f31 mRNA
levels. TGF-j31 mRNA expression at the indicated elongation rate between
5 and 20% was analyzed by Northern blot, and the results were expressed
as the ratio of TGF-1/GAPDH mRNA levels in arbitrary units.
Systems (Minneapolis, MN, USA). Rat TGF-/32 and TGF-/33
cDNA were provided by Dr. S-J. Kim (Osaka City University,
Osaka, Japan). Rat collagen types I and IV cDNAs were provided
by Dr. S. Katayama (Saitama Medical School, Saitama, Japan),
and rat fibronectin cDNA was a gift of Dr. R.O. Hynes (Massa-
chusetts Institute of Technology, Cambridge, MA, USA). [a-32P}
dCTP (111 TBq/mmol) and [3H]-thymidine (185 GBqlmmol)
were the products of Amersham Corp (Arlington Heights, IL,
USA). Gadolinium was purchased from Wako Pure Chemical
Industries. Staurosporine and genistein were purchased from
Sigma Chemical Co. (St. Louis, MO, USA). All other chemicals
were of the best grade available.
Results
Effect of mechanical stretch on mRAJA expression of TGF-13
subtypes in mesangial cells
We first examined the effect of cyclic stretching at a maximal
elongation rate of 20% on TGF-/31 mRNA expression after 24
hours. Figure 1 shows that stretch markedly increased TGF-131
mRNA levels of mesangial cells. Elevation of TGF-pl mRNA was
observed already at six hours and the mRNA levels gradually
increased during the next 30 hours (Fig. 2). TGF-j33 mRNA levels
also increased in the same time course, whereas TGF-p2 mRNA
expression, which was much lower than TGF-/31 and TGF-f33,
seemed to remain constant during the time period (data not
shown). These results suggest that stretch-induced TGF-/3 expres-
sion may be regulated by distinct mechanisms among three
isoforms. In the following study, we examined TGF-/31 expression
of the three isoforms because TGF-pl is known to be a major one
in the glomerulus [12], As shown in Figure 3, the TGF-pl mRNA
levels changed in accordance with the intensity of stretch between
5 and 20% of elongation, indicating that stretch-induced TGF-f31
mRNA expression was intensity-dependent.
Next, we examined if the stretch-induced TGF-pl mRNA
expression shown above was caused by increased transcription of
TGF-131 gene or decreased degradation of TGF-/31 mRNA. To
test these possibilities, we measured a half life of TGF-f31 mRNA
in the presence of transcription inhibitor actinomycin D. Cells
were subjected to mechanical stretch for 24 hours at a maximal
elongation rate of 20%, when 5 xWmI of actinomycin D was added
and TGF-/31 mRNA levels were monitored over the next 24
hours. TGF-/31 mRNA levels of cells with or without stretch
decayed at comparable rates (Fig. 4), whereas the mRNA levels
for GAPDH were almost constant during the time, indicating that
the degradation rate of TGF-f31 mRNA was not altered by
stretch.
Time,hours I I I I I I
6 12 24 36
Fig. 2. Time course of the effect of stretch on
mRNA expression for TGF-/31 and TGF-133.
After mesangial cells were exposed to stretch,
mRNA expression for TGF-/31 and TGF-3
was analyzed by Northern blot at the indicated
time point.
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Bioassay for TGF-f3 activities in the conditioned media by
mesangial cells
Next, TGF-J3-like activities in the conditioned media were
measured by mink lung cell growth-inhibition assay. Total TGF-
n-like activities in the conditioned media of mesangial cells after
36 hours of stretch were calculated to be 240 p, which was
significantly higher than 160 M in the control media. These
activities were abolished by adding neutralizing anti-TGF-/3 anti-
bodies, but not by non-immune rabbit IgG, indicating that the
bioactivities were specific for TGF-p (data not shown). The cell
number at the end of stretch was comparable between wells with
and without stretch. We were also able to detect mature (active)
forms of TGF-p, which seemed to be higher in the medium from
Effect of stretch and angiotensin II on TGF-pl mRNA expression
Growing body of evidence suggests that angiotensin 11 (Ang II)
may play an important role in the progression of glomeruloscie-
rosis. In cultured mesangial cells, Ang II has been shown to
stimulate TGF-/31 mRNA expression in vitro [19]. We previously
demonstrated that mechanical stretch and Ang II synergistically
increased mRNA expression of parathyroid hormone related
peptide (PTHrP) in rat vascular smooth muscle cells [20—23].
Therefore, we examined whether there is a synergism between
mechanical stretch and Ang II in stimulating TGF- mRNA
expression of rat mesangial cells. As shown in Figure 5A, TGF-f31
mRNA expression was indeed stimulated by Ang II and, in
addition, mechanical stretch enhanced the Mg Il-induced
TGF-pl mRNA expression. The results of densitometric quanti-
tation suggest that the effect of Ang II and stretch may be additive
rather than synergistic (Fig. 5B).
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Fig. 4. Half life of TGF-131 mRNA in the presence of transcription inhibitor
actinomycin D. A. Mesangial cells were exposed to stretch at a maximal
elongation rate of 20% for 24 hours, when actinomycin D (5 jLg/mI) was
added and the TGF-J31 mRNA levels were monitored over the next 24
hours. B. The rate of decrease in the TGF-131 mRNA levels of cells with
(•) orwithout (0) stretch was expressed as the ratio of the mRNA levels
at the indicated time as compared to those at time of addition of
actinomycin D (0 hr).
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Fig. 5. Effect ofAng lion the TGF-f31 mRNA expression induced by stretch.
A. After cells were exposed to Ang 11(10 nM) and/or stretch for 24 hours,
TGF-f31 mRNA expression was analyzed by Northern blot. B. Densito-
metric quantitation of the blots was performed and the results from three
separate experiments were shown as mean SD. * Significantly different(P < 0.05, by Student's t-test) from cells without stretch.
cells with stretch but may account for only 3 to 4% of total TGF-13
activities in both media (data not shown).
d• •
s.•.
1032 Hirakata et al: TGF-J3 expression and mechanical stretch
Stretch
Collagen I
Collagen IV
Fibronectin
GAPDH
+ — + — + — +
Stretch-induced mRI\TA expression for extracellular matrix proteins
was inhibited by anti-TGF- neutralizing antibodies
Because it is well known that TGF-/3 stimulates extracellular
matrix production in various cell types including mesangial cells
[11, 24, 25], we examined mRNA expression for collagen types I
and IV, and fibronectin after mesangial cells were exposed to
stretch. The mRNA levels of these extracellular matrix compo-
nents increased in a similar time course; they were significantly
elevated at six hours and gradually increased during the next 30
hours (Fig. 6).
Next, we used anti-TGF-/3 neutralizing antibodies to determine
whether the stretch-induced expression for extracellular matrix
components was mediated by TGF-3 endogenously secreted by
mesangial cells into the media. Addition of anti-TGF-J3 neutral-
izing antibodies significantly blocked the mRNA expression for
collagen types I and IV, and fibronectin, which was stimulated by
stretch, whereas control non-immune IgG had no effect (Fig. 7 A,
B). In contrast, anti-TGF-13 neutralizing antibody seemed to exert
little effect on TGF-/31 mRNA expression itself (Fig. 7C), sug-
gesting that there may be no significant autoinduction of TGF-31
by stretch in mesangial cells.
Effect of Ca channel blockers on stretch-induced TGF-f3 mRNA
expression
It has been reported that stretch stimulates Ca2 influx across
the plasma membrane; stretch-induced Ca2 entry occurs through
Gd3 -sensitive, stretch-activated cation channels or dihydropyri-
dine-sensitive, voltage-dependent Ca2 channels, depending on
Fig. 6. Time course of the effect of stretch on
mRN.4 expression for extracellular matrir
components. After mesangial cells were exposed
to stretch, mRNA expression for collagens type
I and type IV, and fibronectin was analyzed by
Northern blot at the indicated time point.
the cell types examined [26, 27]. Thus, we examined the effect of
Gd3 or dihydropyridine Ca2 channel blocker nitrendipine on
stretch-induced TGF-31 mRNA expression in mesangial cells. As
shown in Figure 8, neither Gd3 (50 jxM) nor nitrendipine (0.3
jLM) blocked the expression, suggesting that stretch-activated
Ca2 influx across the plasma membrane may not play a signifi-
cant role in the induction of TGF-f31 mRNA by stretch.
Effect of inhibitors for protein kinase C and protein kinase A on
stretch-induced TGF-p mRNA expression
We previously demonstrated that the protein kinase C (PKC)-
dependent pathway is involved in the induction of PTHrP mRNA
by stretch in rat vascular smooth muscle cells [20]. Thus, we
investigated whether stretch-induced TGF-/31 mRNA expression
of rat mesangial cells was also dependent on PKC activation.
Treatment with staurosporine (0.3 xM) or calphostin C (1 JxM) did
not alter the stretch-induced TGF-f31 mRNA expression (Fig. 9).
in addition, a protein kinase A (PKA) inhibitor adenosine-3',
5'-cyclic monophosphothioate (300 xM) had no effect on the
stretch-induced TGF-/31 mRNA expression (data not shown).
These results suggest that the induction of TGF-j31 mRNA by
stretch may be through PKA and PKC-independent mechanisms.
Tyrosine kinase-dependent pathway is involved in stretch-induced
TGF-1 mRNA expression
We next examined the possible role of protein tyrosine kinases
in the induction of TGF-[31 mRNA by stretch. Treatment of
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mesangial cells with tyrosine kinase inhibitor genistein (100 LM)
or herbimycin A (3.5 xM) significantly blocked the elevation of
TGF-/31 mRNA levels by stretch (Fig. 10). The results suggest
Fig. 7. Effect of anti-TGF-13 neutralizing antibody on stretch-induced
mRNA expression for extracellular matrix components. A. The mRNA
expression for collagens type I and type IV, and fibronectin of mesangial
cells with or without stretch for 24 hours was analyzed in the presence of
anti-TGF-f3 neutralizing antibodies (20 zg/ml) or non-immune rabbit IgG
(20 j.tglml). B. Densitometric quantitation of the blots in A was performed
and the results from three separate experiments for collagen type I (top),
collagen type IV (middle), and fibronectin (bottom) are shown as mean
SD. *Significantly different (P < 0.05, by Student's t-test) from cells without
stretch. C. TGF-pl mRNA expression was examined in the presence or
absence of TGF-13 neutralizing antibody (20 rg/ml) by the same experi-
mental protocol as in A.
that the tyrosine kinase-dependent mechanism may be involved in
the signal transduction of stretch-induced TGF-131 mRNA expres-
sion.
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Discussion
In the present study we demonstrated that mechanical stretch
stimulated TGF-f3 mRNA expression in rat mesangial cells and
that TGF-J3 peptide was secreted in a biologically active form.
Stretch also induced mRNA expression for extracellular matrix
proteins, collagen types I and IV, and fibronectin. The stretch-
induced mRNA expression for extracellular matrix proteins was
inhibited by application of anti-TGF-/3 neutralizing antibody into
the media, indicating that mRNA expression for extracellular
matrix proteins was promoted, at least in part, via autocrine/
paracrine mode of action of TGF-/3 induced by mechanical
stretch.
It has been well established that glomerular hypertension plays
a major role in the progression of glomerular sclerosis [11. The
accumulation of extracellular matrix proteins in the mesangial
area is a dominant pathological finding in the sclerotic glomeruli
and may be one of the major factors involved in the progressive
nature of chronic renal failure. Thus, it would be reasonable to
speculate that the increased secretion of TGF-131 by mesangial
cells under stretch might be one of the key mechanisms by which
the production of mesangial matrix proteins is enhanced when the
intraglomerular pressure increases. Although the amount of the
extracellular matrix is the result of a balance between synthetic
and degradative processes, an increased production rate of extra-
cellular matrix proteins by elevation of the magnitude of stretch
would result in accumulation of extracellular matrix, particularly
in the mesangial area [28—30]. Another candidate among the
physical forces for in vivo induction of TGF-/31 might be fluid
shear stress, which was reported to enhance TGF-131 mRNA
expression in bovine aortic endothelial cells [31], although it
remains unknown whether the up-regulation also occurs in the
glomerular cells.
The present results show that active forms of TGF-f3 activities
in the conditioned media account for only minor portions (less
than 5%), but it may be high enough to stimulate mRNA
expression of extracellular matrix components in mesangial cells
after stretch. Moreover, it can be speculated that local concentra-
tions of TGF-f3 near the cell membranes might be higher than that
of the conditioned media. It remains to be determined whether
mechanical stretch per se stimulates the conversion of latent forms
of TGF-f3 to active or mature forms.
The intracellular signaling mechanisms of mechanical stretch
have not been well understood. In a variety of cell types including
cardiac myocytes, stretch was shown to stimulate phospholipase C
and PKC [32]. We previously demonstrated that in rat vascular
smooth muscle cells stretch activates the gene expression of
PTHrP through PKC-dependent mechanisms and that Ang II
synergistically enhanced the gene expression induced by stretch
[201. However, our results demonstrated that PKC was not
involved in the stretch-induced TGF-pl expression in mesangial
cells (Fig. 9). Mg II increased TGF-f31 mRNA expression as
previously reported [19], but the effect of Ang II and stretch on
TGF-131 mRNA expression was additive yet not synergistic (Fig.
5). Taken together, it is suggested that the signaling mechanism
for TGF-131 gene expression after stretch in mesangial cells may
be different from that for PTHrP in vascular smooth muscle cells.
Other candidates for transmembrane signaling mechanisms of
mechanical forces include stretch-activated cation channels, dihy-
dropyridine-sensitive voltage-dependent Ca2 channels, adenyl-
0
Stretch
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Fig. 8. Effect of Ca channel blockers on stretch-induced TGF-131 mRNA
expression. A. TGF-j31 mRNA expression of niesangial cells with or
without stretch was analyzed in the presence or absence of Gd3 (50 j.LM)
or nitrendipine (0.3 j.M). B. Densitometric quantitation of the blots was
performed and the results from three separate experiments are shown as
mean SD. *significantly different (P < 0.05, by Student's t-test) from
cells without stretch.
ate cyclase, and protein tyrosine kinases [33]. The results of the
present study suggest that neither stretch-activated cation chan-
nel, Ca2 channel nor adenylate cyclase may play a critical role in
TGF-131 mRNA expression induced by stretch (Fig. 8). In con-
trast, tyrosine kinase inhibitors, genistein and herbimycin A,
clearly inhibited the stretch-induced TGF-J31 mRNA expression
(Fig. 10), suggesting that tyrosine kinase(s) may be involved in the
signaling pathway of TGF-131 induction. Of interest is the report
that stretch caused tyrosine phosphorylation of cellular proteins in
cardiac myocytes and that a tyrosine kinase inhibitor genistein
completely abolished stretch-induced expression of the protoon-
cogene c-fos [32], suggesting that tyrosine kinase(s) may partici-
pate in the signal transduction system of mechanical stretch in
those cells. Thus, in mesangial cells, stretch may activate a distinct
intracellular signaling pathway probably through protein tyrosine
phosphorylation to increase TGF-J31 mRNA expression.
The present results indicate that stretch does not change the
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Fig. 9. Effect of protein kinase C inhibitors on stretch-induced TGF-f31
mRNA expression. A. TGF-31 mRNA expression of mesangial cells with or
without stretch for 24 hours was analyzed in the presence or absence of
staurosporine (0.3 jzM) or caiphostin C (1 zM). B. Densitometric quanti-
tation of the blots was performed and the results from three separate
experiments are shown as mean sr. *Significantly different (P < 0.05, by
Student's t-test) from cells without stretch.
stability of TGF-j31 mRNA (Fig. 4), suggesting that an enhanced
transcription rate may be the principal mechanism of the in-
creased TGF-pl mRNA expression by stretch. In mammals
TGF-/3 has three isoforms, TGF-pl, TGF-J32, and TGF-f33, of
which the biological properties are almost identical, although
these isoforms are coded on the different genes and their expres-
sions are independently regulated [7]. Our results suggest that
stretch-induced TGF-13 expression may be regulated by distinct
mechanisms among three isoforms. Recent studies revealed that
in cardiac myocytes, in which stretch stimulated c-fox transcrip-
tion, the "stretch responsive element" may be located in the
5'-flanking region of the c-fos gene [34, 36]. A previous study
identified the AP-1, Spi, and Egr-1 sites in the 5'-fianking region
of the human TGF-/31 gene [35]. However, it is unknown whether
the cis-acting element is actually involved in stretch-induced
TGF-pl gene expression. Identification of the "stretch responsive
element" in a 5'-upstream region of TGF-131 gene might provide
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Fig. 10. Effect of Lyrosine kinase inhibitors on stretch-induced TGF-131
mRNA expression. A. TGF-131 mRNA expression of mesangial cells with or
without stretch for 24 hours was analyzed in the presence or absence of
herbimycin A (3.5 jzM) or genistein (100 jzM). B. Densitometric quantita-
tion of the blots was performed and the results from three separate
experiments are shown as mean SD. *significantly different (P < 0.05, by
Student's t-test) from cells without stretch.
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an approach to elucidate the mechanisms by which stretch stim-
ulates the gene transcription.
In conclusion, our results show that mechanical stretch stimu-
lated TGF-f3 mRNA expression in rat mesangial cells, and that
those cells secreted substantial amounts of TGF-p proteins by
stretch. In addition, we showed that the secreted TGF-13 is
responsible for the induction of mRNA expression for extracel-
lular matrix proteins, thus the secreted TGF-13 may play a role in
the extracellular matrix accumulation by mesangial cells. These
data suggest that stretch-induced TGF-f3 might play a critical role
in the progression of glomerular sclerosis as an autocrine/para-
crine factor.
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Miyazono (Cancer Research Foundation, Tokyo, Japan) for helpful
discussions.
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